A cellulosomal scaffoldin gene, termed cipBc, was identified and sequenced from the mesophilic cellulolytic anaerobe Bacteroides cellulosolvens. The gene encodes a 2,292-residue polypeptide (excluding the signal sequence) with a calculated molecular weight of 242,437. CipBc contains an N-terminal signal peptide, 11 type II cohesin domains, an internal family III cellulose-binding domain (CBD), and a C-terminal dockerin domain. Its CBD belongs to family IIIb, like that of CipV from Acetivibrio cellulolyticus but unlike the family IIIa CBDs of other clostridial scaffoldins. In contrast to all other scaffoldins thus far described, CipBc lacks a hydrophilic domain or domain X of unknown function. The singularity of CipBc, however, lies in its numerous type II cohesin domains, all of which are very similar in sequence. One of the latter cohesin domains was expressed, and the expressed protein interacted selectively with cellulosomal enzymes, one of which was identified as a family 48 glycosyl hydrolase on the basis of partial sequence alignment. By definition, the dockerins, carried by the cellulosomal enzymes of this species, would be considered to be type II. This is the first example of authentic type II cohesins that are confirmed components of a cellulosomal scaffoldin subunit rather than a cell surface anchoring component. The results attest to the emerging diversity of cellulosomes and their component sequences in nature.
Bacteroides cellulosolvens is a mesophilic, anaerobic bacterium known to bind tightly and to degrade crystalline forms of cellulose (13, 14, 27) . Most of its cellulases appear to be associated with the cell (29) . We have shown previously that the bacterium produces cellulosome-like complexes, in both the cell-associated and extracellular fractions (18) . The biochemical evidence in favor of a cellulosome in this bacterium includes the production of high-molecular-weight cellulolytic complexes, the cross-reactivity of a high-molecular-weight scaffoldin-like glycopolypeptide with cellulosome-specific antibodies from Clostridium thermocellum, and the presence of cell surface protuberance-like organelles (16, 19) . These properties of the cellulase system of B. cellulosolvens indicated the presence of a cellulosome-like entity, similar to the cellulosome of C. thermocellum. Furthermore, extensive structural analysis revealed that B. cellulosolvens cell surface oligosaccharides were strikingly similar to cellulosome-associated oligosugars from C. thermocellum (11, 12) .
The cellulosome of C. thermocellum is characterized by a definitive scaffoldin subunit that integrates the enzyme subunits into the complex (10, 17) . For this purpose, the scaffoldin subunit contains multiple copies of type I cohesin domains, each of which binds strongly to a complementary dockerin domain, contained as a component part of each enzyme subunit. The scaffoldin of C. thermocellum also contains its own dockerin-a type II dockerin domain-that interacts selectively with complementary type II cohesins, contained on at least three different surface proteins. In C. thermocellum, the type I cohesin-dockerin interaction apparently defines the incorporation of the enzyme subunits into the cellulosome, whereas the type II cohesin-dockerin interaction appears to mediate the anchoring of the cellulosome onto the cell surface (1, 6) .
We have recently pursued a genetic program for expanding our earlier biochemical findings regarding the distribution and variety of cellulosomes in various microbial species (3) . For this purpose, we have searched for the elusive scaffoldin component-the definitive subunit which integrates the various cellulosomal enzymes into the complex-in bacteria that were previously suspected of harboring cellulosomes. In this framework, we recently reported a unique scaffoldin sequence in a related bacterium, Acetivibrio cellulolyticus, which includes a catalytic domain as an integral part of its primary structure (7) . Otherwise, the A. cellulolyticus scaffoldin resembles that of C. thermocellum in that it includes a C-terminal type II dockerin domain and an internal cellulose-binding domain (CBD), as opposed to the other known clostridial cellulosomes from C. cellulolyticum, C. cellulovorans, and C. josui (15, 31, 37) .
Both A. cellulolyticus and B. cellulosolvens have been shown to belong to the clostridial assemblage on the basis of 16S rRNA (23) . Nevertheless, it is becoming clear that the phylogenetic relationship between cellulolytic bacteria does not necessarily reflect the characteristics of their respective cellulase systems. In this communication, we confirm that B. cellulosolvens produces a bona fide cellulosome. The very large scaffoldin gene, termed cipBc, was sequenced and found to contain type II cohesins rather than the type I cohesins that characterize the other known scaffoldins. Moreover, the number of cohesins is the highest thus far encountered in a single polypeptide. In addition, the scaffoldin contains an internal CBD and a C-terminal dockerin domain but lacks an associated domain X or hydrophilic domain that has been found in all scaffoldins thus far described.
MATERIALS AND METHODS
Organism and growth conditions. B. cellulosolvens ATCC 35603 (28) was purchased from the German Collection of Microorganisms and Cell Cultures (DSMZ; Braunschweig, Germany). Cells were grown anaerobically at 35°C in serum bottles containing the DSMZ-recommended medium (medium 315 for B. cellulosolvens), which included either 0.3% cellobiose (Sigma Chemical Co., St. Louis, Mo.) or cellulose (Avicel; E. Merck AG, Darmstadt, Germany) as the carbon source. Cells were grown to mid-exponential phase (36 to 48 h), the culture was centrifuged (10,000 ϫ g, 10 min), and both supernatant fluids and cells were stored for further use.
Identification of candidate scaffoldin sequences from B. cellulosolvens. The procedure followed for identifying candidate scaffoldin bands from cell-free culture fluids of B. cellulosolvens was essentially as described earlier for A. cellulolyticus (7) . Briefly, cellulose-adsorbed proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), blotted onto nitrocellulose sheets, and stained using an ␣-galactose-specific lectin from Griffonia simplicifolia and an antibody preparation against the C. thermocellum cellulosome. Candidate protein bands, recognized by both probes, were extracted from the gel. The extracted proteins were subjected to proteolysis, and the resultant peptides were resolved by reverse-phase high-pressure liquid chromatography and were collected (24) . The purified peptide peaks were analyzed and sequenced by Edman degradation (Protein Center, Technion, Haifa, Israel).
DNA preparation. B. cellulosolvens genomic DNA was isolated as described earlier (26) . Plasmid DNA was purified using the High Pure plasmid isolation kit (Boehringer Mannheim Corp., Indianapolis, Ind.). A Spin-X microcentrifuge filter (0.2-m-pore-size nylon filter; Costar, Corning, N.Y.) was used for DNA purification from agarose gels.
Consensus PCR. An expand high-fidelity PCR system (Boehringer Mannheim) was used in all PCRs. PCR was performed using a Mastercycler personal instrument (Eppendorf, Hamburg, Germany), programmed as follows: a 3-min predenaturation step at 95°C was followed by 30 cycles comprising a 45-s denaturation step at 94°C, an annealing step of 45 to 60 s at 40 to 60°C (depending on the primer), and an extension step at 72°C for 1 to 3 min (depending on the length of the product). Degenerate oligonucleotide primers were generated from the peptide sequence (see Table 1 ). PCR was carried out under various annealing temperatures (40 to 60°C) in order to obtain specific amplified products using the genomic DNA as template. Purified PCR products were cloned into the pGEM-T Easy vector system (Promega, Madison, Wis.) and were sequenced. Sequences were compared with GenBank and known cellulosome-related proteins. Genomic-walking PCR. Two-step PCRs were applied to amplify the forward and backward sequences of a known region. First, PCR was performed with a combination of a specific primer (Table 1) , designed from a previously sequenced region of the target gene, and a pUC19 primer (M13-F1 or M13-R1). Plasmid libraries were used as templates. A 100-fold dilution of the first PCR product served as a template for the second PCR by using a nested primer, designed from an inner sequence of the known region, and a universal pUC19 primer (M13-F2 or M13-R2). Two-step inverse PCR. Genomic DNA (5 g) was digested extensively by PstI and self-ligated by T4 DNA ligase at 4°C overnight. The ligation product was used as a template for the first PCR. Subsequently, the first PCR product (diluted 100-fold) was used as a template for the second PCR employing a nested primer (Table 1) , essentially as described above for genomic-walking PCR.
Construction of plasmid genomic libraries. Four restriction enzymes (EcoRI,
HindIII, PstI, and SacI) were applied to construct genomic libraries. Appropriately sized fragments that interacted with a digoxigenin-labeled 1.2-kb scaffoldinassociated DNA probe (see Results) were determined by Southern blotting as described previously (7). B. cellulosolvens genomic DNA (10 g) was cleaved by restriction enzymes and ligated (4°C overnight) with predigested and alkaline phosphatase-treated pUC19. For genomic-walking PCR, the ligation product was used as the PCR template. For screening a genomic library, the ligation mixture was transferred into Escherichia coli strain XL-1-Blue (Stratagene, La Jolla, Calif.) and was plated onto Luria-Bertani plates containing ampicillin, 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal), and isopropyl-␤-D-thiogalactopyranoside (IPTG). The same digoxigenin-labeled probe was used for screening, and positive clones were verified by dot hybridization.
Protein expression and purification. One of the cohesins from the fully sequenced scaffoldin (cohesin 5) was amplified by PCR using appropriate primers (Table 1) , and a His tag was attached to its C terminus by cloning the fragment into the pET28a expression vector (Novagen, Madison, Wis.) using restriction enzymes NcoI and XhoI. In order to prepare the same cohesin with an Nterminal His tag, the fragment, amplified using a different pair of primers, was also cloned into pET14b (Novagen) with restriction enzymes XhoI and BamHI. The respective recombinant construct was transferred into E. coli strain Table 1. BL21(DE3) (Stratagene), and the protein was expressed at 15°C, essentially according to Gal et al. (9) , using an IPTG concentration of 0.1 mM. The supernatant fluids, containing soluble expressed protein, were loaded onto a Ni-nitrilotriacetic acid-agarose column (Qiagen GmbH, Hilden, Germany), washed with imidazole-free wash buffer (50 mM sodium phosphate buffer [pH 6]-10% glycerol-300 mM NaCl), and eluted using elution buffer (wash buffer plus 250 mM imidazole). Protein was purified further by gel filtration fast protein liquid chromatography on Superdex 75 (Pharmacia, Uppsala, Sweden). Both Nand C-terminal His-tagged recombinant proteins proved suitable for subsequent studies.
Western blotting. Samples of cell-free, cellulose-absorbed B. cellulosolvens proteins (2 g), purified C. thermocellum cellulosome (2 g), and His-tagged cohesin 5 (1 g) were subjected to SDS-6% PAGE and transferred electrophoretically onto nitrocellulose membranes. The blots were blocked with block- ing buffer containing 2% bovine serum albumin, 25 mM CaCl 2 , and 25 g of His-tagged cohesin 5/ml in Tris-buffered saline (50 mM Tris-HCl [pH 7.5]-150 mM NaCl) and were washed with Tris-buffered saline. Anti-His-horseradish peroxidase antibody (Invitrogen, Carlsbad, Calif.) was used for detection according to the manufacturer's instructions.
Phylogenetic analysis. Phylogenetic trees were generated using the ClustalW program (http://www2.ebi.ac.uk/clustalw/). Protein sequences were obtained from the GenBank website (http://www.ncbi.nlm.nih.gov/) or via the Carbohydrate-Active Enzymes server designed by Coutinho and Henrissat (CAZy and CAZyModO websites: http://afmb.cnrs-mrs.fr/ϳpedro/CAZY/db.html and http: //afmb.cnrs-mrs.fr/ϳpedro/DB/db.html, respectively.) The five-letter abbreviations of bacterial species were selected according to the SwissProt convention (http://www.expasy.ch/sprot/). See also phylogenetic treatment of cellulosomal components in previous publications (2, 7) .
Nucleotide sequence accession number. The DNA sequence for the cipBc gene reported herein was deposited in the GenBank database under accession number AF224509.
RESULTS

Identification of putative B. cellulosolvens scaffoldin subunit.
Proteins from the culture fluids of B. cellulosolvens were concentrated and separated by SDS-PAGE. An ϳ250-kDa band was identified as a likely candidate for further analysis on the basis of binding to cellulose, immunochemical cross-reactivity with the C. thermocellum scaffoldin, and interaction with G. simplicifolia lectin GS-I (Fig. 1) . The designated band was extracted from the gel and subjected to proteolysis, and the amino acid sequence of selected peptides was determined. In one of these peptides, a 16-residue stretch (GTLTFGRTYMN LDSYK) exhibited 50% homology with a cohesin domain from C. thermocellum, thereby corroborating that this peptide was indeed of scaffoldin origin. On the basis of this conserved sequence, a degenerate primer was designed (see "Sequencing strategy" below). Another degenerate primer was designed from a particularly conserved region of the known family IIIa and IIIb CBDs. These two primers provided a handle for identifying the gene encoding the B. cellulosolvens scaffoldin subunit.
Sequencing strategy. The overall strategy for sequencing the ϳ7-kb cipBc gene is presented schematically in Fig. 2 , and the primers used in this study are listed in Table 1 . Briefly, the following two degenerate primers were initially designed: (i) SEQ3-F, from the above-described peptide sequence (TFGRT YMNL), obtained from the proteolyzed candidate scaffoldin; and (ii) CBD-R (DWSNYTQ), from the conserved region of 
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BACTEROIDES CELLULOSOLVENS SCAFFOLDINthe family III CBDs. Using these degenerate primers, a 1.2-kb PCR product (Fig. 2B) was amplified from B. cellulosolvens genomic DNA. Sequence analysis showed that this DNA segment indeed contained two type II cohesin domains and a family III CBD. This PCR product was then applied as a probe for Southern blotting and library screening, which resulted in the cloning of a 2.8-kb SacI fragment (Fig. 2D ). Two fragments ( Fig. 2D and E) were amplified by two-step inverse PCR. In the N terminus, a 0.8-kb PCR fragment (Fig. 2F ) was amplified and sequenced by using primers 24C-R and 24N-R and an unspecific degenerate primer (En-F). The remainder of the gene was sequenced by genomic-walking and consensus PCR, as illustrated schematically in Fig. 2G to K. The entire sequence was verified in both directions by overlapping segments. Brief description of the cipBc scaffoldin gene. The various sequences obtained as described in the previous section were compiled in order, revealing a 7-kb DNA sequence, which contained a single open reading frame (Fig. 3) . The deduced peptide (excluding the signal sequence) contained 2,292 amino acids with an estimated molecular mass of 242,437 kDa. The signal sequence was consistent with those of other known scaffoldins (7), and their comparison suggested that one or two of the initial residues of the gene remained unsequenced.
CipBc cohesin domains. The CipBc scaffoldin is organized into 11 type II cohesin domains, an internal family III CBD, and a C-terminal dockerin domain (Fig. 2A) . The CBD is preceded by 5 cohesin domains and followed by another 6 cohesins downstream. The domains are separated by distinctive linker sequences, most of which are rich in proline and threonine residues (Fig. 3) . In length and composition, the CipBc linkers are quite similar to those of the CipA scaffoldin from C. thermocellum. In contrast to all other scaffoldins thus far described, CipBc lacks a domain X or similar type of hydrophilic domain, suggesting that the latter types of domain may be indicative of scaffoldin components but not definitive. Unlike all other scaffoldin-based cohesins described to date, the cohesin domains of CipBc can clearly be classified as type II cohesins (Fig. 4) . Phylogenetic analysis places all 11 CipBc cohesins in a cluster in close proximity to the type II cohesins from C. thermocellum anchoring proteins (Fig. 4A) . Cohesins 8, 9, and 10 form a well-conserved group, as do cohesins 2 through 6. As in many other scaffoldins, the N-and C-terminal cohesins are the most divergent. The sequences of the type II cohesin domains thus far described all contain a characteristic insert and distinctive set of conserved residues, which are largely different than those of the type I cohesins. Figure 4B shows the pattern of similarity along the CipBc cohesin sequence, compared with the pattern in the type I and type II cohesins. The relative level of similarity of the residues at any given position among all 11 CipBc cohesins is shaded according to the key. Totally conserved positions of the given cohesins are shown in the figure with the conserved residue or gaps designated in white letters on a black background. The sequence of CipBc cohesin 5 is illustrated as representative of all 11 cohesins. It is clear from Fig. 4B that the CipBc cohesins can be classified as type II cohesins. All of the residues conserved in the previously described type II cohesins are similarly conserved in the CipBc cohesins. The large gap in the loop region between ␤-strands 5 and 6 of type I cohesins is not a characteristic of the CipBc cohesins, nor are the smaller gaps that distinguish the type I from the type II cohesins. Moreover, the positions of lower similarity and divergence, observed in the known type II cohesins, are strictly followed among the 11 CipBc cohesins. The combined sequence analysis in Fig. 4B confirms the phylogenetic analysis in Fig. 4A , and it can hence be concluded that the CipBc cohesins are indeed type II cohesins.
CipBc CBD. The internal family III CBD of CipBc exhibits several unusual features worth noting. The large 11-residue gap in the sequence (between residues 998 and 999) is consistent with the sequence of a family IIIb CBD as opposed to a family IIIa (Fig. 5A ). This conclusion is further supported by phylogenetic analysis of the CipBc sequence together with other family III CBDs (Fig. 5B) . The phylogenetic tree shown in the figure places the CipBc CBD in the midst of family IIIb and relatively distant from family IIIa and IIIc CBDs. CipBc is the second scaffoldin CBD, in addition to that of CipV from A. cellulolyticus (7) , that is classified as family IIIb instead of IIIa, thus substantiating the notion that the scaffoldin CBDs are more diverse than originally considered. In this context, closer inspection of the CipBc CBD sequence (Fig. 5A) 
BACTEROIDES CELLULOSOLVENS SCAFFOLDINing residues (position 993), wherein a tyrosine replaces the histidine of the family IIIa CBDs or the tryptophan of the family IIIb CBDs. Nevertheless, the appearance of tyrosine in this position is consistent with its functioning in cellulose binding as part of a planar aromatic strip as described by Tormo et al. (39) . Another interesting feature of the CipBc CBD is a 5-residue insert that includes a tryptophan (W1033). This insert appears in the sequence immediately before ␤-strand 7.
With reference to the structural model for the CipA CBD from C. thermocellum (39) , this would imply that the insert is placed near the C-terminal end of ␤-strand 4 of the putative cellulosebinding face of the molecule. This location implies further that the insert could compensate structurally for the above-mentioned 11-residue deletion. Moreover, W1033 may function as an additional cellulose-binding residue, resembling perhaps the contribution of the deleted tyrosine. Further insight into the implications of these proposals awaits three-dimensional structure analysis. CipBc dockerin domain. The CipBc scaffoldin carries a dockerin domain at its C terminus. Thus far, only two other scaffoldins, CipA from C. thermocellum and CipV from A. cellulolyticus, have been described which also exhibit a dockerin domain (also at their C termini). The CipBc dockerin sequence shows the normal pattern of a dockerin (Fig. 6A) , including a near-perfect repeated sequence. Each repeat displays a typical "F-hand" modification of the EF-hand motif (30) , containing a characteristic calcium-binding loop followed by a helix as predicted by the PHD program (32) (33) (34) . All of the candidate calcium-binding residues are aspartic acids, with no asparagines or other substitutions. The proposed recognition dyads in positions 10 and 11 of the repeated sequence (SD/SD) are similar to those of the C. thermocellum cellulosomal en- zymes (25, 30) . Also of interest are residues in positions 18 and 22, which we have recently considered as additional determinants that might contribute further to the selectivity of the cohesin-dockerin interaction (A. Mechaly, unpublished results). The latter positions are distinct from those of the C. thermocellum enzymes. Phylogenetic analysis (Fig. 6B ) of various dockerin sequences places the CipBc dockerin in a very dispersed branch, which includes ruminococcal enzyme-borne dockerins and the two known scaffoldin dockerins. Distantly separated from this branch are the two large clusters of clostridial enzyme-borne dockerins.
Interaction of CipBc cohesin domain with B. cellulosolvens components. In order to identify target proteins that bind the repeating CipBc cohesins, a recombinant form of a representative cohesin domain was prepared and used as a probe for affinity-blotting experiments. For this purpose, cohesin 5 from the cipBc gene was subcloned and fused to a His tag (both Nand C-terminally tagged proteins were designed and prepared). The overexpressed proteins were purified by metalchelate chromatography on a Ni-nitrilotriacetic acid column. Both of the purified His-tagged cohesin 5 probes proved effective for identification of interacting components derived from spent growth media of cultured B. cellulosolvens. Peroxidase-conjugated antibodies against the His tag were used to detect the cohesin-labeled bands.
As seen in Fig. 7 , the expressed cohesin interacted with at least three different bands, consistent with the notion that the cohesin recognizes several enzymes-presumably subunits of a cellulosome. The major band at approximately 80,000 kDa was extracted from the gel and subjected to proteolysis, and the amino acid sequences of selected peptides were determined. In one of these peptides, a 10-residue stretch exhibited clear homology with a highly conserved region of the family 48 glycosyl hydrolases (Table 2 ). This type of enzyme is known to be a critical component of every cellulosome thus far described. It therefore appears that the CipBc cohesin 5 (and presumably the other CipBc type II cohesins) binds to enzymes. It would thus follow that these enzymes bear dockerins and that, unlike the enzyme-borne dockerins from other cellulosome species, the CipBc dockerins would be classified as type II. Verification of this premise awaits more extensive sequencing of the cellulosomal enzyme subunits from B. cellulosolvens.
DISCUSSION
In the initial stages of this project, following the sequencing of the first several domains of CipBc from B. cellulosolvens, it was puzzling to discover, in the same open reading frame, the presence of type II cohesin domains together with a family III CBD (3). Until then, CBDs had been shown to be components of either free glycosyl hydrolase enzymes or scaffoldin subunits, the latter of which contain type I cohesins (38) . The type I cohesins were shown to be selective for type I dockerins of the cellulosomal enzymes, thereby serving to mediate cellulosome assembly. Type II cohesin domains have thus far been reported in anchoring proteins from only one bacterium, C. thermocellum (6, 21, 22) . Since the type II cohesins were demonstrated to be specific for the type II scaffoldin dockerin (35) , the suppositions that this would represent a more general theme in other microbes and that the type II cohesin-dockerin interaction would mediate the attachment of the cellulosome to the cell surface remained.
The (20, 40) . Presumably the large size and numerous cohesins of CipBc would be of primary importance to the bacterium, although the precise purpose of producing such an unusual and complex protein is currently unclear.
The family III CBD of CipBc would be expected to function in the multiplicity of roles performed by a scaffoldin CBD, which include the selective targeting to the substrate of cellulosomal enzymes and probably the intact B. cellulosolvens cell (4). In fact, previous biochemical analyses of the B. cellulosolvens system suggested that the putative cellulosome of this organism is associated very strongly with the cell surface (18) . Based on the C. thermocellum system (5, 6, 8, 36 ), the C-terminal CipBc dockerin would presumably interact with an asyet unidentified cohesin or set of cohesins of cell surface-based anchoring protein(s).
Another question is whether the CipBc dockerin is a type I or type II dockerin domain. It is very difficult on the basis of differential sequence analysis alone to distinguish between the two types of dockerin, particularly since only two examples of the type II dockerins are known. Thus, the presumed anchoring proteins could bear cohesins of either type I or type II. If they prove to be of type I, then the status of B. cellulosolvens could be the reverse of the C. thermocellum cellulosome, wherein the type I cohesin-dockerin interaction mediates incorporation of enzymes into the complex and the type II interaction fastens the cellulosome to the cell surface. If, on the other hand, the putative anchoring cohesins prove to be of type II, this would suggest that in B. cellulosolvens two kinds of type II cohesins exist in the same cellulosome system, each of which exhibits a different specificity. In the final analysis, such ques- tions will be resolved by identifying and sequencing the interacting components of the B. cellulosolvens system. Future work will include a search for such components. The results of this work underscore the emerging diversity of the cellulosomes. The scaffoldins appear to have the potential to be extremely diverse in their size, structural organization, and disposition of their modular components. Since we are still at an early stage of discovery, it is difficult to generalize too strictly regarding their classification and anticipated features. To date, the known scaffoldins have been shown to contain a CBD for binding to the substrate and multiple cohesin domains for integrating the dockerin-containing cellulosomal enzymes. Future description of new microbial scaffoldins will contribute further evidence concerning the similarity and diversity among the cellulosome systems in nature.
